A sensitive glucose biosensor was developed based on the adsorption of glucose oxidase by a three-dimensional silvergraphene-titanium dioxide (3D Ag-GR-TiO 2 ) composite electrode. Aerosol spray pyrolysis was employed to synthesize the 3D Ag-GR-TiO 2 composite using a colloidal mixture of a silver acetate precursor (C 2 H 3 AgO 2 ), graphene oxide, and TiO 2 nanoparticles. The effects of the operating temperature, gas flowrate, and TiO 2 concentration on the particle properties were investigated. The particle morphology of all 3D Ag-GR-TiO 2 composites was spherical in shape. The average sizes of composites could be controlled from 0.45 to 0.64 mm with the variation of process variables. Ag nanoparticles less than 10 nm in diameter were deposited on the surfaces of the TiO 2 nanoparticles and GR after a reduction process. The characteristics of the glucose biosensor fabricated with the asprepared 3D Ag-GR-TiO 2 composite were assessed through cyclic voltammetry measurements. The biosensor exhibited a high current flow as well as clear redox peaks, resulting in a superior ability of the catalyst in terms of the electrochemical reactions. The highest sensitivity of glucose biosensor was obtained by 3D Ag-GR-TiO 2 composite, which was 12.2 mA/ mM¢cm 2 , among 3D Ag-GR-TiO 2 , 3D Ag-GR, and 3D GR-TiO 2 composites.
INTRODUCTION
Glucose biosensors are common items of concern among all researchers who study biosensors because they play an important role in the monitoring of blood glucose for the treatment and control of diabetes (Wang 2008) . Glucose detection is of great importance in a variety of fields, such as biomedical applications and in the medical sciences (Ren et al. 2005) . Most glucose biosensors are based on the glucose oxidase (GOD) enzyme, which is the catalyst used in the reaction, because the GOD enzyme is relatively inexpensive and has high bioactivity and good stability (Kuila et al. 2011) . Glucose biosensors with enzymes as their molecular recognition components provide many advantages, such as high selectivity and sensitivity (Singh et al. 2010) . Recently, graphene (GR) has been predicted to be an effective enzyme immobilization matrix in the construction of glucose biosensors due to its excellent electronic properties as a redox center of several enzymes for electrodes (Choi et al. 2011; Zhong et al. 2013) .
Many studies have shown that high electrochemical activity by a glucose biosensor can be maintained when enzymes are immobilized on metal nanoparticles such as Pt, Au, and Ag, among others (Chen et al. 2012) . Moreover, these metal nanoparticles can act as a conductor to increase the direct electron transfer between the active sites of the enzymes and the electrode surface, thereby facilitating the charge transfer between the electrode and the enzyme (Jia et al. 2008; Chen et al. 2011) . Furthermore, if the electrode is modified by a combination of metal nanoparticles and GR, the immobilization of the enzyme can be improved through adsorption (Luo et al. 2012) . Because Ag has high conductivity and biocompatibility, Ag nanoparticles were considered as a potential candidate for the fabrication of a composite with GR (Liu and Hu 2009; Ma et al. 2009; Lu et al. 2011) . Luo et al. (2012) synthesized a GR-Ag composite by microwave irradiation and chemical reduction in a liquid-phase reaction in an effort to realize enhanced glucose sensing capabilities (Luo et al. 2012) . They reported that Ag nanoparticles with an average diameter of 12 nm can greatly enhance the direct electron transfer between some redox proteins and electrodes. Although their study showed a high sensitivity value of 75.7 mA/mM¢cm 2 , their sensor was only effective in a very narrow glucose range of 0.032-1.89 mM. Palanisamy et al. (2014) prepared GR decorated with 70 nm Ag nanoparticles by electrodeposition in the liquid phase to create an effective glucose sensor (Palanisamy et al. 2014) . They showed that the good biocompatibility of the GR-Ag composite provides a good microenvironment for the GOD enzyme. However, the composite indicated low sensitivity, at 3.8 mA/mM¢cm 2 .
These previous results demonstrate that the direct electron transfer between the redox-active site of GOD and the glassy carbon electrode (GCE) surface can be accelerated by Ag nanoparticles given their high conductivity and high capacity for protein loading to the direct electrochemistry of GOD (Luo et al. 2012; Palanisamy et al. 2014) .
In our previous study, a 3D GR-TiO 2 composite fabricated by an aerosol process showed a prominent electrochemical response to glucose with linear ranges of 0-8 mM and a sensitivity level of 6.2 mA/mM¢cm 2 for glucose sensor applications . It was reported that the good electrocatalytic activity can be attributed to the synergistic effect between the GR and the TiO 2 nanoparticles. This result indicates that TiO 2 nanoparticles may attract considerable interest due to their superior properties, such as their large specific surface area, high uniformity, and excellent biocompatibility for glucose-biosensing applications. If Ag nanoparticles are added to a GR-TiO 2 composite, they can improve the electron transfer of the composite as a conductor between the electrode and the enzyme. It can therefore be expected that a composite of Ag, TiO 2 nanoparticles, and GR can exhibit improved sensitivity and selectivity as a glucose biosensor. Thus, far there are no studies of glucose biosensors using Ag and TiO 2 nanoparticles with GR as an electrode material. In the present study, we synthesized a 3D composite of Ag, GR, and TiO 2 and tested the composite for its capabilities as a sensitive glucose biosensor.
In order to synthesize the 3D Ag-GR-TiO 2 composites by a novel one-step aerosol process, we used aerosol spray pyrolysis (ASP). Many previous studies employed liquid-phase reactions which included many time-consuming operating stages, such as liquid-solid separation, washing, and drying, in order to synthesize the desired materials (Luo et al. 2012 ). On the other hand, the ASP method has many advantages because it is a rapid, simple and continuous process for the fabrication of self-assembled composites as a one-step system (Pingali et al. 2005; Jang et al. 2010; Jang et al. 2012; Luo et al. 2012; Jang et al. 2013 ). Moreover, it has a short reaction time.
A colloidal mixture of AgC 2 H 3 O 2 , TiO 2 nanoparticles, and graphene oxide (GO) was used as an aerosol precursor to fabricate the 3D Ag-GR-TiO 2 composites in this study. The effects of the operating temperature, gas flowrate, and TiO 2 concentration on the particle properties, i.e., the morphology and crystallinity, are also examined. Cyclic voltammetry (CV) measurements were also taken of the as-prepared 3D Ag-GR-TiO 2 composites for application to glucose biosensors.
EXPERIMENTAL

3D Ag-GR-TiO 2 Composite for Glucose Biosensor
Firstly, GO was prepared by the oxidation of graphite powder (Alfa Aesar, 99.9%) using a modified Hummer's method (Hummers and Offeman, 1958; Cote et al. 2009 ). In order to synthesize Ag-GR-TiO 2 composites, a colloidal mixture solution as a precursor was prepared by mixing the as-prepared GO colloid, silver acetate (AgC 2 H 3 O 2 , Sigma Aldrich, 99%) and TiO 2 nanoparticles (Degussa, P25, 25 nm).
A schematic diagram of the synthesis of the 3D Ag-GR-TiO 2 composites by the ASP is shown in Figure 1 . A colloidal mixture of Ag as a precursor, GO sheets, and TiO 2 nanoparticles was sprayed by a nebulizer (Alfesa Pharm Co. UN-511, Japan), which generated droplets with a size of 1-10 mm. The sprayed droplets were then carried into a heating zone for the evaporation of the solvent and for the reduction of the precursor by 1.0-3.0 L/min of Ar gas. The length and diameter of heating zone were 40 and 2.5 cm, respectively. The residence time of composites was less than 20 s at room temperature in the furnace. The evaporation of water, the thermal reduction of the GO and Ag precursors, and a self-assembly process between the Ag, the GR and the TiO 2 nanoparticles were FIG. 1. Schematic illustration of the formation of 3D Ag-GR-TiO 2 composites from colloidal mixture of Ag precursor, GO, and TiO 2 nanoparticles via aerosol spray pyrolysis. SYNTHESIS OF 3D AG-GRAPHENE-TIO 2 BY AEROSOL PROCESS carried out in series in a tubular furnace. The materials compressed each other into micron-sized composite in the shape of a 3D ball. The Ag-GR-TiO 2 composites were prepared with different operating temperatures ranging from 400 to 800 C, while the concentrations of the Ag, GO, and TiO 2 were fixed at 0.01, 0.01, and 0.1 wt%, respectively, in the colloidal mixture. In addition, for comparison of particle morphology, gas flowrate and concentration of TiO 2 particles were changed 1.0, 2.0, and 3.0 L/min and 1.0, 2.0, 4.0 wt%, respectively, while keeping the operating temperature of 400 C.
Fabrication of electrode for glucose biosensor using 3D Ag-GR-TiO 2 composites was conducted as follows. The as-prepared 3D Ag-GR-TiO 2 composites were dispersed in a GOD solution (Sigma Aldrich, Aspergillus niger, 200 units/mg). The 3D Ag-GR-TiO 2 composite/GOD colloid was stored at 4 C for 24 h and separated by a centrifugal separator operating at 10,000 rpm for 1 h in order to ensure complete GOD immobilization. Five microliters of the 3D Ag-GR-TiO 2 composite/ GOD colloid was dropped onto the surface of a GCE and left to dry at room temperature. Then, 10 ml of a 0.05 wt% Nafion (Sigma Aldrich, 5%) solution was additionally cast on the surface of the modified GCE to fix the 3D Ag-GR-TiO 2 composites, followed by drying before the electrochemical experiments. A D-(C)-glucose (Sigma Aldrich, 0-8 mM) was used as the reaction solution for the glucose biosensor.
Analysis
The crystallinity of the as-prepared composite was analyzed by X-ray diffractometry (XRD, Rigaku, RTP 300 RC). The molecular species of the composite were measured at wave numbers ranging from 1000 to 2000 cm ¡1 with excitation of 532 nm laser by Raman spectra (Lambda Ray, LSI Dimension P1). The particle morphology and size of the as-prepared Ag-GR-TiO 2 composites were characterized by a field-emission scanning electron microscope and by a transmission electron microscope (FE-SEM, FEI, Sirion, TEM, Philips, CM 12). The electrochemical properties of the glucose biosensor were measured by a CV method using an electrochemical interface instrument (Bio-Logics, VSP). A conventional three-electrode cell was used, with a GCE (CH Inc., 3 mm diameter) as the working electrode, an Ag/AgCl electrode (BAS Inc.) as the reference electrode, and a platinum foil (BAS Inc.) as the counter electrode. The peak current had a potential ranging from -1.0 to 1.0 V at a scan rate of 50 mV/s. Figure 2 shows the diffraction patterns of the as-prepared composites according to an XRD analysis with respect to the operating temperature. The results showed that the composites consisted of Ag and TiO 2 nanoparticles without GR because the intensity of the GR phase was much lower than that of Ag and TiO 2 phase. The anatase (TiO 2 ), rutile (TiO 2 ), and Ag references were at 25.28 o , 27.45 o , and 38.12 o , respectively. The diffraction patterns of the composites show that the intensities of Ag and TiO 2 increased upon a higher operating temperature. The crystalline phase of Ag was especially enhanced compared to that of TiO 2 . This result indicates that Ag nanoparticles prepared at a higher temperature have higher crystallinity due to sintering between the nanoparticles. The crystallite sizes of the Ag nanoparticles, calculated by the Scherrer equation, were 6, 8, and 12 nm at operating temperatures of 400, 600, and 800 C, respectively (Patterson 1939) . Figure 3 shows the Raman spectra of the as-prepared 3D Ag-GR-TiO 2 composites with respect to the operating temperature. The D band, the A 1g breathing mode, is associated with the extent of the defects in the curved graphite sheet, sp 3 carbon, or other impurities. The G band results from first-order scattering of the E 2g mode in the sp 2 carbon domains, corresponding to the opposite direction of movement between two neighboring carbon atoms (Ferrari et al. 2006 ). The 3D Ag-GR-TiO 2 composites showed a remarkable peak of GR at 1600 cm ¡1 in the G band and 1350 cm ¡1 in the D band. As the operating temperature increased from 400 to 800 C, the I D /I G ratio also increased from 1.87 to 1.03. This is attributed to the increased number of defects in the GR during the removal of oxygen at a higher temperature (Zheng et al. 2014) . This increased number of defects results from the increased ratio of sp 3 carbon. Hence, it was found that the Raman analysis confirmed the existence of GR in the composites. Figure 4 shows the morphology of the as-prepared Ag-GR-TiO 2 composites according to FE-SEM and TEM analyses at operating temperatures of 400, 600, and 800 C. The FE-SEM analysis indicates that the as-prepared Ag-GR-TiO 2 composites have a 3D morphology, with an average composite size of approximately 0.5 mm. There are no differences in the morphology with respect to the experimental conditions in FE-SEM analysis. FE-SEM images show that the TiO 2 nanoparticles become encapsulated by GR sheets, as shown in Figure S1 . As the concentration of GO increased from 0.01 to 0.2, an increase in the degree of coverage of GR to TiO 2 was clearly observed. It was noted that the GO sheets are surfaceactive with the ability to lower interfacial energy levels, as GO is a 2D amphiphile with a hydrophilic periphery and a largely hydrophobic center. Thus, it can accumulate on the water surface of a sprayed droplet during evaporation and finally form a GR ball after thermal reduction. In contrast, hydrophilic TiO 2 nanoparticles agglomerate and become positioned inside of the GR ball during the evaporation process ). On the other hand, silver acetate was precipitated on the both surface of GO and on that of TiO 2 after the evaporation of the solvent, after which Ag nanoparticles formed on the both surfaces after the reduction process. It was found that the total production rate and yield of Ag-GR-TiO 2 composites were and 0.026 g/h and 68%, respectively. It should be noted that the 3D Ag-GR-TiO 2 composites could easily be synthesized without a reducing agent in this aerosol process.
RESULTS AND DISCUSSION
Synthesis of 3D Ag-GR-TiO 2 Composites
In the TEM images shown in Figures 4d-f , we could scarcely observe the existence of GR in the composite due to the low concentration of GO in the precursor colloid. Furthermore, in order to distinguish the formation of Ag nanoparticles in the composite, HR-TEM and TEM-EDS mapping analyses should be conducted ( Figure 5 ). HR-TEM images show that the as-prepared Ag and TiO 2 nanoparticles are distributed in SYNTHESIS OF 3D AG-GRAPHENE-TIO 2 BY AEROSOL PROCESS 541 the GR sheets ( Figure 5 ). Larger Ag nanoparticles are observed on the surfaces of the TiO 2 nanoparticles at higher operating temperatures due to sintering as well as particle growth. The TEM-EDS mapping images reveal that as-prepared Ag nanoparticles with diameters of 10 nm were uniformly deposited on TiO 2 nanoparticles of 25 nm. The green color in the figure indicates the Ag nanoparticles.
The effect of gas flowrate on the Ag-GR-TiO 2 composites properties such as morphology and average size of the composite was investigated at the fixed precursor concentration. The gas flowrate was changed 1.0, 2.0, and 3.0 L/min ( Figure 6 ). As the gas flowrate increased from 1 to 3 L/min, the average size of the composite slightly increased from 0.45 to 0.54 mm. The size distribution of the composites was quite uniform and the geometric standard deviation was about 1.23.
The effect of precursor concentration on the particle properties was also investigated at the fixed experimental condition. The concentration of TiO 2 precursor changed 1.0, 2.0, and 4.0 wt% while keeping gas flowrate and operating temperature. As the concentration of TiO 2 increased from 1.0 to 4.0 wt%, the average particle size increased from 0.45 to 0.64 mm (Figure 7) . These results reveal that the average particle size can be controlled by changing the gas flowrate and precursor concentration in the ASP.
Evaluation of the Electrocatalytic Activity of
Glucose Biosensors The 3D Ag-GR-TiO 2 composites were explored for their application as glucose biosensors through electroactive surface FIG. 5 . TEM-EDS mapping images of the 3D Ag-GR-TiO 2 composites prepared at different operating temperatures of 400 C (a), 600 C (b), and 800 C (c) (Ag: 0.01 wt%, GO: 0.01 wt%, TiO 2 : 0.1 wt%, carrier gas flow rate: 1 L/min). 542 H. D. JANG ET AL. area (ESA, cm 2 ) measurements. The ESA value is an important factor when measuring the catalytic performance of biosensors (Hwa and Subramani 2014) . The ESA (A) was measured using a CV with a solution of 20 mM K 3 [Fe(CN) 6 ] and 0.1 M KCl as the redox probe at a current peak ( Figure S2 ). This is calculated by the Randles-Sevcik method, as described in the equation below (Lin et al. 2009 ), i p D .2:69 £ 105/AD 1=2 n 3=2 v 1=2 C where i p (mA) is the peak current, A (cm 2 ) is the electroactive surface area, D (cm 2 /s) is the diffusion coefficient of the transferred species, n is the number of charges, v (mV/s) is scan rate, and C (mol/cm 3 ) is the concentration (Lin et al. 2009 ).
The calculated ESA (A) values of the 3D Ag-GR-TiO 2 composites at operating temperatures of 400, 600, and 800 C are 0.15, 0.12, and 0.10 cm 2 , respectively. As the operating temperature was decreased, the ESA (A) value increased. The highest ESA (A) value for the 3D Ag-GR-TiO 2 composites was 0.15 cm 2 at an operating temperature of 400 C. As the operating temperature increased, larger Ag nanoparticles with greater crystallinity were generated due to sintering between the Ag nanoparticles. As a result, it was found that an increase in the Ag particle size resulted in a decrease of the electroactive surface area.
The amperometric responses by the glucose biosensors based on the 3D Ag-GR-TiO 2 composites with respect to operating temperatures of 400, 600, and 800 C were linear against the concentration of glucose ranging from 0 to 8 mM at FIG. 6. FE-SEM images and size distributions of 3D Ag-GR-TiO 2 composites at different dispersion gas flow rates 1.0 L/min (a), 2.0 L/min (b), and 3.0 L/min (c) (Ag: 0.01 wt%, GO: 0.01 wt%, TiO 2 : 0.1 wt%, operating temperature: 400 C).
SYNTHESIS OF 3D AG-GRAPHENE-TIO 2 BY AEROSOL PROCESS 543 0.28 V (Figure 8) . Before measuring the sensitivity, each electrode was saturated by scanning continuously for 100 cycles for accuracy. The sensitivities of the 3D Ag-GR-TiO 2 composites with respect to operating temperatures of 400, 600, and 800 C were found to be 12.2, 8.7, and 6.8 mA/mM¢cm 2 , respectively.
In our previous study, GR encapsulated TiO 2 nanoparticles were found to be a good catalyst of electrochemical activity due to their high active surface area and uniform distribution of nanoparticles . The sensitivity of the glucose biosensor based on the 3D TiO 2 -GR composite was approximately 6.2 mA/mM¢cm 2 . In case of 3D Ag-GR composite, the amperometric response of the glucose biosensor fabricated with 3D Ag-GR composite indicated the sensitivity as 5.1 mA/mM¢cm 2 . When we compared the sensitivity of glucose biosensor fabricated with three 3D GR-based composites such as TiO 2 -GR, Ag-GR, and Ag-GR-TiO 2 , the highest sensitivity of glucose biosensor was obtained by 3D Ag-GR-TiO 2 composite, which was 12.2 mA/mM¢cm 2 , among 3D Ag-GR-TiO 2 , 3D Ag-GR, and 3D GR-TiO 2 composites (Figure 9 ).
The higher sensitivity of the 3D Ag-GR-TiO 2 composites results from the effect of synergy between the high accessible specific surface area of the TiO 2 nanoparticles and the improved electron transfer by the GR and Ag nanoparticles compared to 3D Ag-GR and 3D TiO 2 -GR composites. This result indicates that the as-prepared 3D Ag-GR-TiO 2 composites increased the number of active reaction sites, suggesting that the material has superior ability with regard to electrochemical glucose reactions. In common with the result of the ESA (A) value, the highest sensitivity of 3D Ag-GR-TiO 2 composites for a glucose biosensor was 12.2 mA/mM¢cm 2 at an operating temperature of 400 C. The materials with high sensitivity originating from the combination of the Ag, TiO 2 nanoparticles, and GR can support highly effective sensing activity and an accessible enzymatic surface area between the enzyme and the electrode. However, it was found that the sensitivity of the glucose biosensor decreased as the operating temperatures increased, despite the fact that Ag is widely known to be the metal with the high electrical conductivity as well as a good supporter of electron transfers (Ma et al. 2009 ). The decreased sensitivity may have stemmed from larger Ag nanoparticles with greater intensity levels of crystallinity which deactivate the enzymes, as Ag nanoparticles are well known to decompose bacteria (Jadalannagari et al. 2014 ). In addition, we measured the GR defect by Raman analysis with respect to operating temperatures. As the operating temperature increased, the intensities of D-band, which exhibits defect of GR, also increased ( Figure 3) . It should note that high defect of the GR sheets reduced the electron transfer, which in turn could affect the biosensor performance (Kahng et al. 2012 ) Therefore, 3D Ag-GR-TiO 2 composite prepared at 400 C showed higher sensitivity than others.
In the result by Palanisamy et al. (2014) , 70 nm Ag particles were synthesized on the surface of GR and comparatively low sensitivity, 3.8 mA/mM¢cm 2 , was reported by their Ag-GR composite. The low sensitivity was attributed to the deactivation of the enzyme by the large size of the Ag nanoparticles.
As a result, it should be noted that the Ag-GR-TiO 2 composites fabricated at 400 C show a the synergistic effect due to the good direct electron transfer of Ag nanoparticles and the effective adsorption of enzymes by TiO 2 nanoparticles as well as the high conductivity of GR at a low operating temperature. In addition, the 3D Ag-GR-TiO 2 composites provided a biocompatible 3D matrix and increased the loading of the bioactive enzyme. It should also be noted that the aerosol process could prepare 3D Ag-GR-TiO 2 composites that exhibited good glucose biosensing properties with high sensitivity and good electrochemical activity under suitable conditions.
Properties such as stability, reproducibility, and selectivity were assessed in the 3D Ag-GR-TiO 2 composite electrodes as well. The stability of the 3D Ag-GR-TiO 2 composite electrode was measured with respect to the number of scanned cycles in a 2 mM glucose solution. The CV by the as-prepared 3D Ag-GR-TiO 2 composites showed that the current change was approximately 3% after the electrode was scanned continuously for 100 cycles in the 2 mM glucose solution. This demonstrates that the 3D Ag-GR-TiO 2 composites were stable, reproducible, and repeatable. The selectivity of the as-prepared 3D Ag-GR-TiO 2 composite glucose biosensor was also investigated in interference samples, i.e., with ascorbic acid (Sigma Aldrich, 99%) and uric acid (Sigma Aldrich, 99%). There was no change in the current after adding 1 ml of 1 mM ascorbic acid or uric acid, respectively. These results confirmed that the as-prepared 3D Ag-GR-TiO 2 composites have good selectivity for glucose.
CONCLUSION
In this study, 3D GR-based Ag-TiO 2 nanoparticle (3D Ag-GR-TiO 2 ) composites were successfully prepared via ASP. With the variation of the process variables such as operating temperature, gas flow rate, and TiO 2 concentration, 3D Ag-GR-TiO 2 composites having spherical morphology with different average size could be synthesized. The 3D Ag-GR-TiO 2 composite showed the highest level of sensitivity among 3D Ag-GR-TiO 2 , 3D Ag-GR, and 3D GR-TiO 2 composites. This result was due to the synergistic effect of the good direct FIG. 8 . Amperometric responses of the glucose biosensor of 3D Ag-GR-TiO 2 composites fabricated at different operating temperatures of 400 C (a), 600 C (b), and 800 C (c) (Ag: 0.01 wt%, GO: 0.01 wt%, TiO 2 : 0.1 wt%, potential: 0.25 V, scan rate: 50 mV/s).
FIG. 9. Comparison of sensitivities of glucose biosensor fabricated with 3D Ag-GR-TiO 2 , 3D Ag-GR, and 3D GR-TiO 2 composites (Ag: 0.01 wt%, GO: 0.01 wt%, TiO 2 : 0.1 wt%, operating temperature: 400 C). SYNTHESIS OF 3D AG-GRAPHENE-TIO 2 BY AEROSOL PROCESS electron transfer of Ag nanoparticles and the effective adsorption of enzymes by the TiO 2 nanoparticles as well as the high conductivity of GR at a low fabricating temperature. Therefore, the 3D Ag-GR-TiO 2 composites can provide a biocompatible 3D matrix and increased loading of bioactive enzymes, demonstrating that they are promising glucose biosensors with high sensitivity and good electrochemical activity.
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